Nearly 12 million wounds are treated in emergency departments throughout the United States every year. The limitations of current treatments for complex, full-thickness wounds are the driving force for the development of new wound treatment devices that result in faster healing of both dermal and epidermal tissue. Here, a bilayered, biodegradable hydrogel dressing that uses microarchitecture to guide two key steps in the proliferative phase of wound healing, re-epithelialization, and revascularization, was evaluated in vitro in a cell migration assay and in vivo in a bipedicle ischemic rat wound model. Results indicate that the Sharklet TM -micropatterned apical layer of the dressing increased artificial wound coverage by up to 64%, P ¼ 0.024 in vitro. In vivo evaluation demonstrated that the bilayered dressing construction enhanced overall healing outcomes significantly compared to untreated wounds and that these outcomes were not significantly different from a leading clinically available wound dressing. Collectively, these results demonstrate high potential for this new dressing to effectively accelerate wound healing.
Introduction
Wounds are a significant cause of morbidity and impaired quality of life affecting approximately 8.6 million patients in the U.S. annually. 1 The most costly and debilitating wounds-e.g. severe burns, traumatic lacerations, or non-healing/ chronic wounds-are often deep, complex, and require reconstruction using autologous skin grafts. 2, 3 Although autologous skin grafting is the current ''gold standard'' treatment, it is not without serious limitations. Potential complications include risk of infection, 4 graft necrosis, 2,5 excessive pain at the donor site, 6, 7 and discoloration and scarring. 5 Failure of graft/donor site healing is often due to underlying physiological conditions, including age 8 and comorbidities such as diabetes or circulatory conditions. 9 As our population ages and the incidence of chronic diseases increases, the occurrence of costly delayed skin graft healing will rise accordingly. Therefore, it is imperative to develop advanced full-thickness dressings that provide an alternative to skin grafting for both traumatic and chronic wounds.
Injuries result in loss of skin structure to varying degrees, and therefore, the requirements for replacing lost skin greatly depend on the type and extent of the wound. Superficial wounds result in loss of the outermost layer of the skin-the epidermis. This layer maintains the barrier function of the skin and consists of epithelial cells called keratinocytes at increasing stages of differentiation. 10, 11 In more serious injuries, the loss of the epidermal layer and part or all of the dermis (i.e. a partial or full-thickness wound, respectively) results in the need to replace or reconstruct two vital tissue types to restore skin integrity. The dermis is responsible for the mechanical properties of skin due to its composition mainly of fibroblasts and their associated extracellular matrix (ECM). 11 Collagen is the most abundant protein in the dermal ECM representing 25%-35% of the whole-body protein content. 12 Research has shown that contact with collagen and collagen-derived fragments in wound dressings controls many cellular functions. 12 In fact, modified collagen wound dressings have been shown to induce a more robust transient inflammatory response, improve vascularization, and increase collagen deposition in preclinical swine models of full-thickness excisional wounds 13 and chronic wounds. 14 In addition to the biochemical cues provided to cells when binding to natural hydrogel materials such as collagen or collagen fragments, both the tissue structure of the dermal basal lamina and the organization of fibrillar collagen within the ECM guide fibroblast and epithelial cell migration, respectively, from the wound margins. 15 In fact, the dermal/epidermal junction in native skin is not flat but consists of a series of micro-scale ridges and projections. 16 These physical cues modulate keratinocyte maturation, differentiation, and function, and in turn are essential for tissue organization and integrity of skin structure. These underlying principles can be leveraged synthetically to achieve similar outcomes more efficiently-e.g. simple channels 150 mm deep and 50 mm wide enhanced re-epithelialization rates and resulted in tissue structure similar to that achieved by the same cells cultured on acellular dermis. 17 Likewise, microgrooves 1 mm and 5 mm deep with groove spacing from 1 mm to 10 mm enhanced and directed migration of individual epithelial cells and cells from intact epithelial tissue. 18 These results showed that microtopographies direct migration of cells regardless of whether the physical cues present at a wound margin are biotic or abiotic.
The orientation and elongation of cells in response to the physical properties of the underlying substratum is known as contact guidance. 19 This phenomenon is a key regulator of angiogenesis-new blood vessel formation 20,21 -and cellular migration. 22, 23 The bilayered, full-thickness wound dressing evaluated here harnesses the capacity of physical guidance cues to accelerate vascularization of the wound bed as well as coverage of the wound surface. The first layer consists of Capgel TM , an alginate-based material that forms regularly ordered, tunable anisotropic capillaries through self-assembly 24, 25 and serves as a dermal template. The 3D-microarchitecture that forms within Capgel has been shown to support blood vessel infiltration in a rat myocardial infarction model. 26 It has also been shown that dermal revascularization after full-thickness wounding proceeds via ingrowth of vessels from the wound edges through previously formed channels. 21 We thus hypothesize that the Capgel foundation will promote neovascularization and granulation tissue formation.
The dermal foundation created by the Capgel technology will accelerate epidermal healing on the apical Sharklet TMmicropatterned surface of the wound dressing. Coverage of a wound by keratinocytes or re-epithelialization is viewed as a hallmark of successful wound healing. 27 Re-epithelialization by proliferation and migration of keratinocytes starts within 72 h of injury and continues for approximately 14 days. During the proliferation healing stage, cell migration is a critical element of the healing process. The Sharklet micropattern uses contact guidance at the apical layer to actively orient the direction and speed of migration to predictably accelerate wound closure. 27 Systematic studies on Sharklet micropatterns have related topographic feature geometry and surface chemistry to biological adhesion, [28] [29] [30] cellular morphology, 31, 32 and migration in specific, predictable ways. In this way, subtle alterations in the micropattern attributes based on the algorithms associated with the technology can be used to achieve a predictable cellular response. Optimization of the Sharklet micropattern to achieve early re-epithelialization has the potential to not only reduce risk of infection and lower patient pain but to also initiate the remodeling of underlying granulation tissue, which reduces the possibility of hypertrophic scarring. 27 Therefore, we hypothesized that wound dressings comprise gelatin (denatured collagen) with engineered microarchitectures such as the Sharklet micropattern and the Capgel 3D microchannels ( Figure 1 ) would enhance the wound-healing environment by guiding apical cell proliferation and migration to achieve rapid epidermal wound closure, while also guiding cellular invasion and capillary growth within the underlying dermis. 11 Here, we investigate the potential for engineered microarchitectures to enhance full-thickness wound healing both in vitro and in vivo in a bipedicle, ischemic rat skin flap model. 33, 34 Materials and methods
Sample fabrication
Sharklet micropatterns were designed on two size scales (e.g. 5-mm and 50-mm spacings) ( Table 1 ) based on previously reported results, which demonstrated that channels of these sizes enhanced re-epithelialization and recapitulated the texture of the native epidermal-dermal junction. 17, 36 Various aspect ratios (i.e. ratio of topography height to topography width) were tested to optimize micropattern height for guiding cell migration. Briefly, new Sharklet micropatterns were designed, digitized, and printed to a photomask. Photolithographic techniques were used to transfer the pattern on the photomask to a photoresist-coated silicon wafer. Next, the patterned silicon wafer was etched to a desired depth using deep reactive ion etching. The processed silicon wafer served as a template for creating molds for topographical replication. 37 A platinum-catalyzed polydimethylsiloxane elastomer (PDMSe) (Xiameter Õ RTV-4232-T2, Dow Corning Corporation) was cast on silicon wafer templates to form negative micropatterned molds. Sharklet-micropatterned gelatin hydrogels were formed using filter-sterilized components in standard cell culture conditions by self-assembly on PDMSe molds with or without Sharklet micropatterns. A solution of gelatin (6% w/v in deionized water; Sigma), warmed 37 C to facilitate dissolution, was pipetted onto PDMSe templates. The solution-filled molds were cooled to 4 C for 1 h to solidify the gelatin. Next, hydrogels were chemically crosslinked with a solution of 0.119 M 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) (Sigma) and 0.113 M N-Hydroxysuccinimide (NHS) (Fisher) in phosphate buffered saline (PBS) (pH 7.4, Gibco, Life Technologies) at 4 C for 18 h. 38 Crosslinked gelatin films were subsequently trimmed to form 20-mm discs and covalently attached to an amine-functionalized glass coverslip for ease of handling in cell culture assays. Micropatterned gelatin hydrogels were evaluated for pattern transfer and pattern fidelity using confocal microscopy (Olympus LEXT OLS 4000). Feature height, width, and spacing were measured and compared to the dimensions of the original mold using the software package that comes with the LEXT OLS 4000.
Human epidermal keratinocyte migration assay
A modified scratch assay was used to model cellular migration during wound healing in vitro. 22, 39 Sharklet micropatterned and smooth gelatin hydrogels backed to coverslips were swollen in PBS storage solution (i.e. PBS containing 1 mg/mL amphotericin B and 50 U/mL penicillin) for at least 24 h prior to the start of each assay. Samples were oriented so that the long edges of the topographic features were parallel to the wound (Figure 2 (a)). Rectangular (3 mm Â 20 mm) PDMSe patches were placed along the center of each sample (Figure 2(a) ). Primary adult human epidermal keratinocytes (HEKs) were labeled with a cytoplasmic dye (CellTracker Green CMFDA [5-Chloromethylfluorescein Diacetate], Life Technologies, Carlsbad, CA) to facilitate live cell imaging without affecting cell viability or function 40 and subsequently seeded onto test surfaces at an initial density of 6000 cells/cm 2 (Figure 2(b) ). HEKs were cultured in growth media (ATCC Dermal Cell Basal Medium containing 0.4% bovine pituitary extract, 0.5 ng/mL rh TGA-a, 3mM L-Glutamine, 100 ng/mL hydrocortisone, 5 mg/mL insulin, 1 mg/mL epinephrine, and 5 mg/mL apo-trasferrin) at 37 C and 5% CO 2 . Upon reaching approximately 70% confluence, the PDMSe patches were removed (Figure 2 (c)) to allow cell migration across the wound surface.
Cell migration was monitored with live cell fluorescent imaging, using an Olympus BX63 fluorescent microscope every 2 days after patch removal. To quantify migration, samples were fixed with 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) at room temperature for 15 min, mounted using ProLong Õ Gold Antifade Reagent (Life Technologies, Carlsbad, CA) and imaged across the wounded area. The area covered by cells within the wounded area was measured, and the average percent area coverage was calculated for each sample type at the assay endpoint (day 4) using ImageJ Software (National Institutes of Health [NIH], Bethesda, MD). 22 
Prototype design and production
The top-performing Sharklet micropattern (þ10SK50 Â 50) from the HEK migration assay was scaled up to the appropriate size for a wound dressing and tested in an established delayed-healing model in rats to validate healing behavior for a broad range of non-healing/chronic wounds. 33, 34, 41 The apical layers of the wound-dressing prototypes were produced following the same procedure outlined above to make gelatin hydrogels. Then the solution-filled molds were cooled to 4 C for 1 h to solidify the gelatin. Next, 2 mL of Capgel slurry was synthesized as previously described 24, 25 and packed into a PDMSe mold (d ¼ 20 mm) on top of the solid gelatin. The apical gelatin layer and the basement Capgel layers were chemically crosslinked with a solution of 0.6 M EDC and 0.2 M NHS in PBS at 4 C for 18 h. 24, 38 The silicone mold was removed from the construct, and a 6-mm biopsy punch was used to create appropriately sized dressings. The dressings were then washed in PBS for 1 h and followed by three changes of 10 Â saline sodium citrate (SSC) (20 Â SSC, Fisher BioReagants, diluted with deionized water to 10Â) over the course of 24 h. Finally, dressings were washed with three changes of normal saline over the course of 24 h and subsequently sterilized by soaking in Minncare Sterilant (3% solution in deionized water) (Mar Cor, Plymouth MN) for 10 min prior to a final PBS rinse and implantation.
Ischemic wound model
All animal experiments were conducted under a protocol approved by the University of Florida Animal Care and Use Committee and in compliance with the standards in the ''Guide for Care and Use of Laboratory Animals'' published by the NIH. After appropriate anesthetization, the dorsal aspect of 20 male Sprague-Dawley rats weighing $250-300 g were shaved, and a rectangular template was centered on the spine between the base of the scapula and the iliac crest. The template was used to outline the placement of four circular holes and the placement of vertical tissueflap incisions. Four full-thickness wounds were created at the corresponding markings using a 6-mm biopsy punch. These normal skin punches were fixed in 10% neutral buffered formalin for subsequent analysis. To create a condition of transient ischemia, two parallel linear incisions were cut along the sides of the template. The skin flap created was elevated to sever the underlying vasculature, repositioned, and stapled on each lateral side. 33, 34 One of each of the four dressings: (1) the novel bilayer Sharklet-micropatterned apical layer with the combined Capgel neovascularization technology, (2) a smooth apical layer with Capgel, (3) Endoform, a dermal template that is currently in clinical use as a commercial competitor, and (4) no treatment. The Endoform dermal template consists of a naturally derived ovine collagen ECM. 42 All wounds were covered with a compressible secondary dressing and covered with Vetrap (3 M).
On post-surgery days 7, 10, and 14, rats (n ¼ 6) were euthanized. 33, 34 Two rats were also euthanized on postsurgery day 28 to qualitatively observe the extent of dressing degradation. Tissue biopsies were collected using 8-mm biopsy punches, fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned and stained with either hematoxylin and eosin (H&E) or Masson's Trichrome. Histological wound sections were evaluated by a veterinary pathologist, board certified by the American College of Veterinary Pathologists, for dressing location, reepithelialization, acute and chronic inflammation, granulation tissue formation and neovascularization using an established, semi-quantitative histologic scoring scale (Table 2) . 43, 44 Results were analyzed to assess clinically relevant outcomes of each treatment that enhance the wound-healing environment-e.g. epithelial coverage, vascularization, and overall wound healing, a composite score including all measured outcomes.
Statistical analysis
Area coverage measurements (A) were normalized via logarithmic transformation for migration assays. Log increases were calculated for each experiment by subtracting the average log (A smooth ) from the average log (A micropattern ). Normality of each data set was confirmed by residual and normal probability plots. The mean log increase was converted to the median percent increase using the equation: 1-10 LI . Statistically significant increases from three experiments (in vitro) were compared with the null hypothesis of zero increase by a one-sided test of the difference in means. Estimates of the among-and within-experiment variances were assessed using analysis of variance (ANOVA) of the log transformed area coverage values for each smooth and micropatterned sample, with random effect for experiment (in vitro). The average histologic score (n ¼ 6 replicates, in vivo) for each condition was assessed using ANOVA and post hoc Tukey Test for multiple comparisons. All analyses were performed using MiniTab16 statistical software (State College, PA).
Results

Sample fabrication
When micropatterning hydrogels, highly hydrated crosslinked polymer networks such as gelatin, it is important to control swelling in order to precisely pattern features.
Here, micropatterning and crosslinking steps were performed using highly hydrated gelatin solutions to reduce the impact of water uptake on final feature dimensions. Following crosslinking and swelling in PBS, confocal images of the surfaces were taken, and feature dimensions were measured. Measurements confirmed patterns transferred with feature dimensions, including height, width, and spacing within the tolerances defined by the original silicon wafer molds (Figure 3 ).
HEK migration assay
Quantification revealed that both Sharklet-micropatterns, oriented parallel to the direction of cell migration, significantly increased the area of artificial wound coverage compared to the smooth standard after 4 days. The smaller pattern (þ1SK10 Â 5) increased coverage by 46%, P ¼ 0.045 and the larger pattern (þ10SK50 Â 50) increased coverage by 64%, P ¼ 0.024 (Figure 4 ) relative to the smooth standard. The best performing pattern (þ10SK50 Â 50) was selected for prototype production and testing in vivo in an ischemic wound model.
Ischemic wound model
Qualitative assessment of representative photomicrographs of H&E stained sections of rat skin 7 days post-wounding ( Figure 5) show indications of improved healing outcomes for wounds treated with bilayered dressings compared to untreated controls. Untreated wounds, in general, exhibited higher levels of contraction, incomplete re-epithelialization, and differences in dermal structure compared to unwounded skin ( Figure 5(c) ). Both bilayered dressing constructs showed more complete re-epithelialization, reduced contracture compared to untreated or Endoform-treated wounds, and dermal regeneration that more closely mimics natural skin (Figure 5(d) and (e)). Wounds treated with Endoform, a clinically available dermal template dressing, exhibited higher levels of contraction than those dressed with the bilayered constructs, incomplete epithelialization, and reduced amount and maturity of granulation tissue formation on day 7 (Figure 5(f) ). In this image, the dressing is not completely incorporated below the epidermis (Score 2), epithelialization is incomplete, and the structure of the dermis is not consistent with unwounded skin. (e) Shows the wounded area on skin treated with the Sharklet dressing. These wounds exhibit complete re-epithelialization, reduced contracture compared to no treatment or Endoform-treated wounds, and a dermal structure that more closely mimics natural skin. (f) Indicates the wounded area treated with Endoform, a clinically available dermal template dressing. Wounds treated with Endoform demonstrate higher levels of contraction than those dressed with the bilayered constructs, incomplete epithelialization, and reduced amounts and maturation of granulation tissue formation on day 7
Semi-quantitative wound-healing scores from histologic grading reveal that bilayered constructs improve overall healing compared to untreated wounds, and these improvements are not statistically different from those measured on Endoform-treated wounds (Figure 6(a) ). Composite wound-healing scores include evaluation of dressing location, re-epithelialization, acute and chronic inflammation, granulation tissue formation, and neovascularization. All dressings, smooth, Sharklet-patterned, and Endoform exhibited increases in composite mean woundhealing scores compared to no treatment at 7 (22% increase, P 0.05), 10 (32% increase, P 0.001) and 14 (31% increase, P 0.05) days post-wounding. Evaluation of re-epithelialization showed no significant differences among groups (Figure 6(b) ). The average wound-healing scores for neovascularization demonstrated increases for all treatment groups over the no treatment negative controls but no significant differences among treatment groups. The dressings resulted in more blood vessels per field of high powered view (40 Â magnification) over untreated controls at 10 (14%, P 0.05) and 14 (29%, P 0.001) days post-wounding ( Figure 6(c) ). Qualitative observations (n ¼ 2) of H&E stained sections of rat skin 28 days postwounding demonstrated that the bilayered, hydrogel dressings degraded in vivo over this period of time (Figure 1 in Supplementary Material).
Discussion
All major categories of wound dressings exhibit significant limitations when applied to full-thickness wounds, which truly require treatment for both layers of skin. 45 Despite many advances in our understanding of wound healing, [45] [46] [47] [48] [49] the treatment of full-thickness wounds has focused primarily on regenerating dermis, 50,51 while neglecting or even impeding re-epithelialization of the epidermal layer. No clinically available dressings have all of the characteristics required to repair the dermis and epidermis concurrently. 52 While synthetic skin grafts (e.g. Endoform TM , Biobrane Õ , and Integra Õ ) are used to enhance dermal healing, 51 these products can take up to three weeks to vascularize, allowing for complications to occur during Figure 6 Histologic wound-healing scores. (a) Mean overall wound-healing score composite including grading for dressing location, re-epithelialization, acute and chronic inflammation, granulation tissue formation, and neovascularization. All dressing types showed significantly improved healing versus no treatment. Statistically significant increases over no treatment are reported for all dressings, which were not significantly different among groups. (b) Mean re-epithelialization scores indicate no significant differences among treatment groups. (c) Mean neovascularization results show higher numbers of new blood vessels formed in wounds treated with dressings versus no treatment but no significant differences among dressing types. Overall improved healing versus no treatment and outcomes comparable to a standard care treatment, i.e. the Endoform dermal template, demonstrate potential for the bilayered wound dressing constructs to improve healing outcomes that extended timeframe. 53 These products also do not directly promote re-epithelialization. Biobrane Õ and Integra Õ , for instance, include a silicone-based top layer that must be removed after dermal regeneration to allow epidermal healing. 52 The need to remove this top dressing layer is a key drawback of many synthetic wound dressings. It disrupts epithelial cell migration and new tissue formation, and it increases costs and patient discomfort. 54 In an international survey of wound-care specialists, nearly 60% said that they would prefer a one-piece composite for burn treatment to reduce frequency of dressing changes. 54 Natural hydrogels are promising materials for regeneration of both dermis and epidermis due to their high water content, inherent biocompatibility, recognition by endogenous cells, and biodegradability. 55 Many ECM-mimicking materials derived from natural polymers have been investigated in both in vitro and in vivo preclinical models for wound-healing applications. Zhao et al. 56 developed photocrosslinkable gelatin (i.e. gelatin methacrylamide) with tunable properties and demonstrated that these hydrogels supported keratinocyte growth, differentiation, and stratification into reconstructed multilayered epidermis with barrier function in vitro. Porous gelatin scaffolds fabricated through freeze-drying, 57 cryogelation, 58 or salt-leaching 59 methods have all been evaluated for wound-healing applications. These scaffolds all supported cellular in-growth and viability in benchtop studies. When evaluated in vivo in a full-thickness murine model, however, porous gelatin scaffolds enhanced dermal healing but did not improve reepithelialization-a limitation also observed on clinically available wound treatment devices. 57, 59 The bilayered wound dressing evaluated here is a novel technology designed to complement these strategies and potentially overcome the limitations of full-thickness wound healing using engineered physical guidance cues, including (1) a dermal template with 3D microarchitecture to accelerate neovascularization, and (2) Sharklet micropatterning on the apical layer of the dressing to encourage autologous epidermal healing via guided cell migration. Confocal imaging demonstrated that chemically crosslinking a highly hydrated gelatin solution using EDC and NHS resulted in high fidelity transfer of micropatterned features from silicone molds (Figure 3 ). All feature dimensions including height, width, and spacing were measured to be within theAE10% tolerances defined by the original silicon wafer mold. This fabrication technique facilitated the production and testing of micropatterned gelatin surfaces both in vitro and in vivo.
The dermal-epidermal junction in native skin consists of a series of epidermal rete ridges and dermal papillary projections ranging from 50 to 400 mm in width and from 50 to 200 mm in depth, which serve as both a microscopic 3D cellular microenvironment 60 and a macroscopic structural support for the skin tissue. 16 The results of this study demonstrate that Sharklet micropatterns created on a similar size scale (þ10SK50 Â 50) increased migration rates of HEKs by up to 64%, P ¼ 0.024 (Figure 4 ) compared to smooth surfaces made of the same material. Cell infiltration during wound healing primarily occurs through migration of cells from the wound margins 11 and has been identified as the rate-limiting step in the wound closure process. 61 Micropatterned substrates guide cell polarization and migration by influencing the spatial arrangement, establishment and maturation of focal adhesions. 62 This mechanism has been validated with many different cell types including epithelial cells 18, 63, 64 and fibroblasts, 65 the two cell types primarily responsible for wound repair. In addition to taking advantage of this contact guidance principle to accelerate epidermal healing, the bilayered wound dressing evaluated here provides a template for cellular growth patterns that mimic the natural architecture of the dermal-epidermal junction. This 3D cellular microenvironment modulates keratinocyte functions through coordination of cell-cell and cell-matrix interactions. Pins et al. developed microfabricated dermal-epidermal regeneration matrices comprised of 50 mm wide channels and showed that these synthetic 3D microenvironments may indeed create a protective environment for a regenerative population of keratinocytes similar to that of native skin tissue. 17, 60 Based on these findings, the advantage of the Sharklet-micropatterned apical layer on the bilayered dressing evaluated here may be twofold: (1) accelerated epidermal cell migration and (2) guided development of appropriate keratinocyte niches at the dermal-epidermal junction.
In fact, in vivo assay results revealed that the bilayered wound dressing structure significantly improved composite wound healing and revascularization scores compared to untreated controls. Additionally, these scores were not statistically different from those obtained in wounds treated with a clinically available dermal template, Endoform ( Figure 6 ). Although, it was hypothesized that the Sharklet-micropatterned apical layer would accelerate reepithelialization, no quantitative differences among treatment groups were measured ( Figure 6(b) ). This outcome could be due in part to a limitation of the rodent woundhealing model. Small mammals such as rats have several anatomical and physiological characteristics that differ substantially from human skin. Most importantly, their wounds close primarily through contraction as opposed to re-epithelialization as noted in humans. 66 Due to significant contracture, it was not possible to directly compare the Sharklet-patterned apical layer to other treatment options for enhanced re-epithelialization in this model. Qualitatively significant contracture was observed in untreated and Endoform-treated wounds. For this reason, it is likely that both composite wound-healing scores and re-epithelialization grades could improve in a model that more closely mimics healing in human skin. The improvements measured in this model provide a foundation for studies to validate enhanced wound-healing outcomes, including re-epithelialization, in particular, in a porcine model; wound-healing studies in pigs show a remarkable 78% concordance with human study results. 66 
Conclusion
Collectively, these results indicate high potential that a fullthickness, woundcare dressing that exploits cellular responses to microarchitectural cues may enhance the proliferative phase of wound healing, i.e. promote both neovascularization and re-epithelialization. Follow-on preclinical trials in a porcine model will demonstrate the potential of this novel dressing to reduce treatment cost and patient suffering while minimizing scarring and wound instability.
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